In a companion paper by Koposov et al., RR Lyrae from Gaia Data Release 2 are used to demonstrate that stars in the Orphan stream have velocity vectors significantly misaligned with the stream track, suggesting that it has received a large gravitational perturbation from a satellite of the Milky Way. We argue that such a mismatch cannot arise due to any realistic static Milky Way potential and then explore the perturbative effects of the Large Magellanic Cloud (LMC). We find that the LMC can produce precisely the observed motion-track mismatch and we therefore use the Orphan stream to measure the mass of the Cloud. We infer that a total mass of 1.38 +0.27 −0.24 × 10 11 M is required to bend the Orphan Stream, showing for the first time that the LMC has a large and measurable effect on structures orbiting the Milky Way. This has far-reaching consequences for any technique which assumes that tracers are orbiting a static Milky Way. Finally, we use these results to predict that, due to the reflex motion of the Milky Way in response to the LMC, the outskirts of the Milky Way's stellar halo should exhibit a bulk, upwards motion.
kinematic tracers which rarely reach out to a substantial fraction of the virial radius. For dwarf galaxies, the uncertainty related to the extrapolation of the mass probed to the virial radius is exacerbated by the absence of tracers at intermediate and large distances.
Stellar streams have recently been demonstrated to provide a new and independent method to gauge the mass distribution inside our own Milky Way (see e.g. Johnston et al. 1999; Koposov, Rix & Hogg 2010; Gibbons, Belokurov & Evans 2014; Küpper et al. 2015 ) and a handful of nearby galaxies (e.g. Ibata et al. 2004; Fardal et al. 2013; Amorisco, Martinez-Delgado & Schedler 2015) . Tidal streams not only measure the mass within the extent of the stream, but also provide constraints on the slope of the total matter density (see Gibbons, Belokurov & Evans 2014) , thus allowing us to pin down the host's mass further out (see also . Moreover, streams are sensitive probes of the shape of the underlying potential (see Ibata et al. 2001; Helmi 2004; Johnston, Law & Majewski 2005; Fellhauer et al. 2006; Law & Majewski 2010; Bowden, Belokurov & Evans 2015) and their twisting and fanning can be used to understand the amount of asphericity of the Dark Matter halo (see Pearson et al. 2015; Erkal, Sanders & Belokurov 2016) .
As numerous examples of halo substructure started to be discovered in the Milky Way, perturbations of stellar streams were put forward as a new promising diagnostic, capable of constraining masses of Galactic satellites, even those entirely devoid of light (see e.g. Ibata et al. 2002; Johnston, Spergel & Haydn 2002; Siegal-Gaskins & Valluri 2008; Carlberg 2009; Yoon, Johnston & Hogg 2011; Ngan & Carlberg 2014; Erkal & Belokurov 2015) . Such perturbations arise as a result of the stream-subhalo interaction during which the paths of the stars around the point of the closest approach are slightly altered after receiving a velocity kick from the passing deflector. The affected stars begin to re-arrange their orbits, and, with time, small differences can accumulate to produce observable signatures (e.g. Carlberg, Grillmair & Hetherington 2012; Carlberg & Grillmair 2013; Bovy, Erkal & Sanders 2017; de Boer et al. 2018; . However, when the perturbation is strong enough, its effect on the stream can be spotted soon after the interaction. For fast encounters with dense objects, this can eject stars from the stream and lead to spur-like features (e.g., ). If the perturber is very massive and less dense, the kick received by the stars can be large enough to cause the stream's velocity vector to become misaligned with the original direction of the stream's motion .
With a stellar mass of 2.7 × 10 9 M (van der Marel 2006), the LMC is our Galaxy's largest satellite and thus is certainly capable of causing detectable perturbations in some of the Milky Way stellar streams. The number of streams affected, and the strength of the effect, depends on the total mass of the Cloud and its distance. While the latter is well known (∼ 50 kpc, Pietrzyński et al. 2013) , the former is currently not constrained. Efforts to measure the Cloud's mass directly from the dynamics of the LMC clusters (Schommer et al. 1992) or via modelling of its rotation curve (van der Marel & Kallivayalil 2014) have both given relatively modest estimates of ∼ 2 × 10 10 M within ∼ 9 kpc. However, wide-field surveys have recently revealed a wealth of debris in the outskirts of the LMC (e.g. Mackey et al. 2016; Deason et al. 2017; Belokurov et al. 2017; Mackey et al. 2018; Navarrete et al. 2018) , indicating that the Cloud may be significantly more massive. Indeed, several distinct lines of reasoning have suggested an LMC mass of ∼ 1-2.5 × 10 11 M . First, requiring that the LMC and SMC are bound together requires an LMC mass above ∼ 10 11 M (Kallivayalil et al. 2013) . Second, accounting for the LMC in the timing argument between MW and M31, as well as in the nearby Hubble flow, gives an LMC mass of 2.5 × 10 11 M (Peñarrubia et al. 2016 ). Third, live N-body models of the LMC on a first infall orbit (Laporte et al. 2018 ) favor a massive LMC of 2.5 × 10 11 M to explain the shape of the HI warp (Levine, Blitz & Heiles 2006) through the response of the halo (Weinberg 1998) . Finally, abundance matching (Moster, Naab & White 2013; Behroozi, Wechsler & Conroy 2013) based on the LMC's stellar mass of 2.7 × 10 9 M (van der Marel 2006) gives a peak halo mass of 2 × 10 11 M . These results suggest that the LMC's diminutive size on the sky belies its true mass.
The influence of the LMC on the behavior of stellar streams around the Milky Way was originally considered in Law & Majewski (2010) who discussed the interaction of a relatively light Cloud (< 6 × 10 10 M ) with the Sagittarius stream and found that it could have a significant effect. Vera-Ciro & Helmi (2013) followed this up and argued that including a 8 × 10 10 M LMC could change the Milky Way halo shape inferred by Law & Majewski (2010) , making it more spherical. Along these lines, Gómez et al. (2015) simulated the infall of a 1.8 × 10 11 M LMC and found that it would induce a significant reflex motion in the Milky Way which would affect the Sagittarius stream. More recently, Erkal et al. (2018) studied the effect of the LMC on the Tucana III stream and found that it could induce a substantial proper motion perpendicular to the stream which would be detectable in Gaia DR2. They further argued that the size of this offset could be used to measure the mass of the LMC.
Here we present the results of a comprehensive modeling of the Orphan Stream (OS, Grillmair 2006; Belokurov et al. 2007 ), inspired by its recent detection in the Gaia data presented in . In the Gaia Data Release 2 (see Gaia Collaboration et al. 2018) , RR Lyrae stars have been used to trace the OS over > 200 • on the sky, revealing the details of its behavior in 5 out of 6 dimensions of the phase-space. The stream's track is shown to swing by some 20 • when the 3D positions of its Southern members are compared to those in the North. Moreover, across tens of degrees, the proper motions of the OS's RR Lyrae are demonstrably offset from the direction delineated by the stream's extent. We propose that the large-scale wobble of the Orphan's track together with the stream-proper motion misalignment reported in are best explained as a result of an interaction between the stream and the LMC. We explore a range of MW mass models and allow for the Galaxy's Dark Matter halo to be aspherical with the flattened axis oriented in an arbitrary direction. We also include the effects of the MW's response to the LMC's infall (see e.g. Gómez et al. 2015) .
This paper is organized as follows. In Section 2 we present the observed misalignment in the Orphan stream with a new technique. In Section 3 we attempt to fit the Orphan stream in the presence of just the Milky Way and show that even with a flexible potential, it is not possible to get a good match. Next, we perform the same fits including the LMC in Section 4 which can reproduce the Orphan stream. These fits constrain the LMC mass and the shape of the Milky Way halo. We discuss the meaning and implications of these results in Section 5 before concluding in Section 6.
MISALIGNED ORPHAN STREAM
Streams can be shown to approximately delineate orbits (Sanders & Binney 2013) , which implies that the constituent stars move mostly , the dashed-red line shows a cubic spline fit to these points, and the dotted line shows the galactic plane. The grey arrows show the reflexcorrected proper motion direction at 25 • intervals along the stream. In a stream orbiting a static, non-interacting Milky Way, these arrows would be expected to point along the stream. Note that the final proper motion direction at φ 1 ∼ 110 • has a large uncertainty and thus its misalignment is not significant. Lower panel: Ratio of the reflex corrected proper motions along the stream (black point with grey bars) and the slope of the stream (dashed-red curve). There is a mismatch for φ 1 < 50 • where the stream track has a negative slope but the proper motions indicate a positive slope. This mismatch is the strongest below φ 1 ∼ 0 • which corresponds to the Southern Galactic hemisphere. along the stream. Indeed, this near-alignment has been proposed as a way to measure the velocity of the Sun (Majewski et al. 2006; Malhan & Ibata 2017; Hayes, Law & Majewski 2018 ) and, naturally, as a means of finding streams (Malhan & Ibata 2018) . In order to see how the assumption of self-streaming relates the debris path and its proper motion, let us consider a stream in an on-sky coordinate system where it follows a track (φ 1 (s), φ 2 (s)) parameterized by s. If the proper motions are aligned with the stream track, then the tangent to the stream, ( dφ 1 ds , dφ 2 ds ), should be proportional to the motion of the stars along the stream, ( dφ 1 dt , dφ 2 dt ) = (µ φ1 , µ φ2 ). Note that we assume that the proper motions are corrected for the Solar reflex. We emphasize that µ φ1 is the proper motion in φ 1 without the traditional cos(φ 2 ) correction. In practice, we compare the slope of the stream on the sky, dφ 2 dφ 1 , to the ratio of the proper motions in the stream, µ φ2 µ φ1 . Replacing φ 2 (s) with the distance to the stream, r(s), this argument also implies that vr µ φ1 can be compared with dr dφ 1
where v r is the Solar reflex corrected radial velocity, i.e. v gsr . Note that these comparisons can be made in any coordinates and can be used to easily determine whether the stream has been significantly perturbed.
Observationally, the motion-track alignment has been demonstrated in several streams in the Milky Way. For example, both the GD-1 (Grillmair & Dionatos 2006) and the Palomar 5 streams (Odenkirchen et al. 2001 ) have proper motions closely aligned with their stream tracks (Koposov, Rix & Hogg 2010; Fritz & Kallivayalil 2015, respectively) .
In Figure 1 we investigate whether the assumption of motion-track alignment holds for the OS, as traced using RR Lyrae from Gaia DR2 (see ). The (φ 1 , φ 2 ) coordinates are obtained by a rotation of the celestial equator to a great circle with a pole of (α pole , δ pole ) = (72 The stream track and proper motions are misaligned for φ 1 < 50 • with the strongest mismatch below φ 1 < 0 • . Interestingly, this corresponds to the previously unseen portion of Orphan in the Southern Galactic hemisphere where the stream is closest to the LMC. To give a sense of the magnitude of the misalignment, in the top panel light grey arrows show the proper motion direction averaged in 25 • intervals along the stream. There is a clear misalignment in the South where the proper motions point upwards but the stream has a gentle negative slope. Note that the top panel of Figure 1 slightly exaggerates the misalignment due to the aspect ratio of the figure.
FITTING THE NORTHERN PART OF THE STREAM
Given the strong misalignment seen in Figure 1 , it is clear that orbit modelling will fail for this particular stream since the orbit's projection on the sky and its proper motion are always aligned by construction. Therefore, in what follows we instead use realistic stream models. We start by fitting only the Northern portion of the OS in a Galaxy model with an aspherical Dark Matter halo. This allows us to both compare to the results in the literature (although a genuine stream model has not yet been used to explain even the Northern data) and to better elucidate the effect of the LMC. We then demonstrate how different mass LMCs can deflect the Southern portion of such a model stream and effortlessly bring it into agreement with the Orphan data. Later, in Section 4, we will explore models of the entire stream.
Setup
We generate streams using the modified Lagrange Cloud Stripping (mLCS) technique developed in Gibbons, Belokurov & Evans (2014) . This method rapidly generates streams by ejecting swarms of test particles from the Lagrange points of a progenitor whose gravitational potential is represented analytically. We model the Orphan's progenitor as a 10 7 M (in approximate agreement with the observationally-motivated mass estimates from ) Plummer sphere with a scale radius of 1 kpc. These parameters were chosen to roughly match the width of the OS. For the Milky Way gravitational potential, we choose a generalized version of MWPotential2014 from Bovy (2015) which consists of an NFW halo (Navarro, Frenk & White 1997 ), a Miyamoto-Nagai disk (Miyamoto & Nagai 1975) , and a power-law bulge with an exponential cutoff. We parameterize the NFW halo in terms of its mass, M NFW , a scale radius, r s, NFW , and a fixed concentration c = 15.3. The Miyamoto-Nagai disk has a mass of 6.8×10 8 M , a scale radius of 3 kpc, and a scale height of 280 pc. For simplicity, we replace the bulge with a Hernquist profile (Hernquist 1990 ) with the same mass and a scale radius of 500 pc. For the fits, we keep the disk and bulge fixed but allow the mass of the NFW halo to vary. We introduce a flattening in the halo potential by writing the NFW potential as
where M NFW , r s , and c are the NFW halo's mass, scale radius, and concentration respectively, whilẽ
n is the unit vector in which the potential is flattened by q, and x = (x, y, z). Forn pointed in the z direction, this reduces to the commonly used form (e.g. Richstone 1980; Evans 1994) . Note that that our potential (1) has the advantage that the force components are analytic, thus speeding our computations. However, it has the disadvantage that the density is not everywhere positive (unless q = 1). This defect normally occurs at radii well beyond the regime relevant for our simulations. It is also worth bearing in mind that the density contours can deviate substantially from an ellipsoidal shape, so q is best interpreted as a diagnostic of the effect of the LMC on the OS orbit rather than the intrinsic flattening of the Milky Way halo. We will discuss this interpretation further in Section 5.3. We take the Sun's velocity relative to the Galactic standard of rest to be (11.1, 245, 7.3) km/s. The y component of this velocity is based on the proper motion of Sgr A* (Reid & Brunthaler 2004) and the distance to the Galactic center of 8.1 kpc from Gravity Collaboration et al. (2018) . The x and z components come from Schönrich, Binney & Dehnen (2010) . We note that since the OS mostly probes the outer part of the Milky Way, we will keep these parameters fixed instead of relating the circular velocity at the Sun's location to the potential.
We fit the RR Lyrae from . These data are shown as black points in Figure 2 . In order to clarify the effect of the LMC, in this Section we choose to only fit the stars with φ 1 > 50 • . These are also the stars which do not show any significant proper motion offset (see Fig. 1 ) so we expect these have not been heavily perturbed by the LMC. This φ 1 range also corresponds to the portion of the stream with previously available data which were modelled in Newberg et al. (2010) and Hendel et al. (2018) so we can also compare our results to those in the literature. We note that for a sub-section of the stream, also presented two additional debris track measurements, one based on Red Giant Branch (RGB) stars from Gaia DR2 and one computed using the RGB/Main Sequence Turn-Off stars in DECaLS (Dey et al. 2018 ). These tracks show good agreement overall, though a small offset near φ 1 ∼ 100 • (see their Fig. 8 ) is reported. For the sake of consistency, we choose to only fit the GDR2 RR Lyrae (covering the entire detected length of the stream). We will discuss possible implications of our choice in Section 5. also present radial velocities of Orphan stream stars from SDSS which we compare against our best-fit streams but we do not use in our fits.
Since the progenitor of the OS is not known (but see the discussion of a possible association between the OS and the Gru 2 satellite in ), we should in principle include its position as a free parameter in our model. Indeed, in Section 4 we consider multiple progenitor positions and find that our results are independent of this choice. However, in this section we choose to place the progenitor at φ 1 = 50 • since we will only be fitting the RR Lyrae with φ 1 > 50 • . This forces the progenitor to be on the stream so that we can later include the LMC and see how it deflects the stream. To describe the progenitor's present day position and velocity we then have 5 additional parameters: the two proper motions (µ * α, prog , µ δ, prog ), the radial velocity (v r, prog ), the distance (d prog ), and the latitude (φ 2, prog ). Once these parameters are specified, we then evolve the stream backwards for 5 Gyr and then use the mLCS technique to generate the stream's present configuration. We strip stars with a Gaussian spread of 100 Myr around each pericenter with respect to the Milky Way. In order to ensure that there are enough particles in the stream, we strip 5,000 stars per pericentric passage.
Likelihood
The likelihood of the set of RR Lyrae from is computed as follows. For each star i, four components of its phasespace position m i are modelled, namely: latitude φ 2 , heliocentric distance, and both proper motion components. As described above, in this section we only fit the RR Lyrae with φ 1 > 50 • . For each RR Lyra and each observable, we fit a straight line to the m(φ 1 ) distribution of particles in the simulated stream within 2.5 • in φ 1 of the RR Lyrae. This fit returns the maximum likelihood value of the observable at the location of the RR Lyra, m i, sim , and the width of that observable, σ i, sim . The log likelihood takes the form
where σ i, obs is the observed uncertainty for each RR Lyrae and m i, obs is the value of the observable for ith star. This is then summed over all of the RR Lyrae and all of the observables. Note that we ignore the covariance between the two proper motions in our likelihood.
MCMC setup
We perform the Markov Chain Monte Carlos using emcee (Foreman- Mackey et al. 2013) . Our model has 10 free parameters: 5 that describe the 6d position of the OS progenitor, the mass and scale radius of the NFW halo (r s , M NFW ), as well as its flattening (q NFW ) and the orientation of the major axis on the sky (l NFW , b NFW ). We use uniform priors over a broad range for all of these variables which are listed in Table 1 .
Stream fit in an aspherical Milky Way
With the setup now defined, we proceed to fit the OS. Before beginning the MCMC sampling, we use the downhill simplex method to find the best-fit stream. We randomly sample 100 points from our priors in Table 1 and find two distinct solutions. Namely, we find that both a prolate and an oblate halo (with different orientations) can fit the Northern part of the OS. We will return to these two solutions in Section 4 but in this section, for simplicity, we restrict the halo to be oblate. The best-fit stream is shown with a blue curve in Figure 2 . By design, this model provides a good fit to the Northern OS data, i.e. for stars with φ 1 > 50 • . Outside of this range, the model matches reasonably well the distance and proper motions of the OS, but it shows a significant deviation in the track on the sky. The inability to simultaneously reproduce the proper motions and the stream track was foreshadowed in Figure 1 where we showed that the proper and the red point shows an RR Lyra which was removed from the fit since it appeared to be an outlier. The red points with error bars in the bottom panel show the radial velocities which are not used in the fit. The blue line shows the best-fit to the Northern portion of the OS (φ 1 > 50 • , marked by the dotted line) in a Milky Way with an oblate halo. The dashed-green, dotted-orange lines show the same best-fit (i.e. same exact parameters) with a 2 × 10 10 M , 1.2 × 10 11 M LMC respectively. This shows that the LMC should have a significant effect on the OS and that, at least in this simple case, a 1.2 × 10 11 M LMC broadly matches the observations. We stress that streams do not represent best-fits but rather are meant to showcase the effect of the LMC. Interestingly, it shows that the LMC also has a substantial effect on the Northern portion of the OS (e.g. large change in the distance) and thus fits to the Northern portion of the OS which neglect the LMC will likely be biased. motions and the stream track had a pronounced offset. Note that we have also attempted to fit the entire range of the OS data in the presence of the Milky Way but we are unable to simultaneously match all observables (see next Section).
Interestingly, if we take this best-fit model from Figure 2 (i.e. the derived phase-space coordinates of the progenitor together with the potential parameters) and include a 2 × 10 10 M LMC (for the details of the Cloud's orbit see Section 4.1), we see that the predicted on-sky track (green dashed line) immediately swings much closer to the observed track. This shows that the LMC will have a substantial effect on the OS even if we limit its mass to that contained in its inner regions. If we then increase the LMC mass to 1.2 × 10 11 M , we obtain a reasonable match to all of the stream's observables (dotted orange line). This sensitivity suggests that the OS can be used to weigh the LMC. Let us stress that the dashed green line and the dotted orange line in Figure 2 are not independently derived models of the data. These phase-space tracks are obtained by taking the best-fit MW-only model of the Northern por-tion of the OS and adding the LMC-like perturber on an appropriate orbit.
In order to compare our results with the work of Newberg et al. (2010) and Hendel et al. (2018) who performed orbit fits to Orphan, we compute the mass enclosed of the Milky Way within 60 kpc. Within this radius we measure a mass of 4.8 ± 0.6 × 10 11 M where we have ignored the flattening of the halo. This mass matches well with that of Hendel et al. (2018) who measured a mass of 5.6 +1.1 −1.2 × 10 11 M . However, it disagrees with the results of Newberg et al. (2010) who found a mass of 2.7 × 10 11 M . Our result has an improved precision over previous results, expected given the quality of Gaia DR2.
Before proceeding to actually infer the LMC mass, we note that Figure 2 also shows that while the OS is strongly deflected by the LMC in the South (φ 1 < 0 • ), it is also perturbed by it in the North. This is most evident in the distances and the stream track on the sky, as indicated by a noticeable deviation between the dotted orange line and the solid blue line at φ 1 > 50 • . Thus, even if we only fit the OS data in the North, we would not recover the true Milky Way potential. Instead, the result of such a model would be biased since the potential would need to compensate for the influence of the LMC. Therefore, the effect of the LMC should be considered for all streams in the Milky Way when attempting to measure the potential.
FITTING THE ENTIRE STREAM
As argued in Section 1, the LMC is the largest satellite of the Milky Way and is expected to have a substantial mass. Indeed, in Section 3.4 we saw that including the LMC for the best-fit (of the Northern portion) of the OS in the Milky Way potential resulted in a large deflection of the stream. Interestingly, this deflection brought the Southern portion of Orphan into agreement with the data. In this section we will fit the entire OS data in the presence of the LMC and we will simultaneously constrain the LMC mass and the Milky Way halo.
Setup
The setup is very similar to that described in Section 3.1 except that we now add in the LMC. For the LMC's present day position and velocity, we use proper motions of µ * α = 1.91 ± 0.02 mas/yr, µ δ = 0.229 ± 0.047 mas/yr (Kallivayalil et al. 2013 ), a radial velocity of v r = 262.2 ± 3.4 km/s (van der Marel et al. 2002) , and a distance of 49.97 ± 1.126 kpc (Pietrzyński et al. 2013) . The LMC is modeled as a Hernquist profile whose mass is left free. For each mass, we fix the scale radius so that the mass enclosed at 8.7 kpc matches the measured value of 1.7 × 10 10 M from van der Marel & Kallivayalil (2014) . For LMC masses below 2 × 10 10 M , we set the scale radius to 0.73 kpc. In order to correctly model the LMC's orbit around the Milky Way, we include dynamical friction following the results of Jethwa, Erkal & Belokurov (2016) . We choose to place the OS progenitor at φ 1 = 6.34 • which is roughly half way between the two RR Lyrae closest to the origin. This choice is made to avoid having the progenitor within the observed portion of the stream. We also consider models where the progenitor is located at φ 1 = −90 • and φ 1 = 130 • . However, since the results are independent of this choice we only show results for φ 1 = 6.34 • .
When including the LMC, the stream generation proceeds almost identically to what is described in Section 3.1 except that now the stream's progenitor is rewound and then disrupted in the combined presence of the Milky Way and the LMC. Our MCMC setup thus looks similar to the setup described in Section 3.1 except that we have 5 additional parameters for the LMC: its mass, proper motions, radial velocity, and distance. The mass has a log-uniform prior between 10 8 − 3 × 10 11 M and the observables have Gaussian priors given from their measurements above. Table 1 contains a list of all the parameters and their priors.
Given that we now include the LMC, it is also natural to ask whether we should include the Small Magellanic Cloud (SMC). Stanimirović, Staveley-Smith & Jones (2004) measured the rotation curve of the SMC in HI and found a mass of 2.4 × 10 9 M within 3 kpc. Since this is just the mass within a small aperture, the total pre-infall mass of the SMC was likely much higher. However, attempts to model the Magellanic stream seen in HI (Putman et al. 2003) have found that the SMC has likely had multiple pericentric passages with the LMC (e.g. Besla et al. 2012 ). Thus, the majority of its mass has likely been tidally stripped and is now orbiting the LMC. This is supported by i) the recent proper motion measurements within the SMC which suggest that the outer portions of the SMC are tidally disrupting (Zivick et al. 2018) and ii) the recent detection of the SMC's stellar tidal tails (see Belokurov et al. 2017; Mackey et al. 2018; Belokurov & Erkal 2019) . Therefore, we choose to ignore the SMC in our analysis but note that a fraction of the mass we attribute to the LMC is due to the debris of the SMC.
Fitting Orphan in the presence of the LMC
The addition of the LMC to the model allows us to get a significantly better fit to the OS data than in the Milky Way alone. As discussed above, this is driven by the fact it is impossible to produce any considerable motion-track misalignment observed in the OS without including a massive perturber. Nonetheless, to ensure that our inference of the LMC mass is not biased by our choice of the Galaxy model we explore a generously wide range of MW DM halo shapes. More precisely, when including the LMC, we consider three separate subsets of the Milky Way halo potential described in Section 3.1: a spherical halo (q NFW = 1), an oblate halo (q NFW < 1), and a prolate halo (q NFW > 1). The flattening direction of the halo is only included for non-spherical haloes. In addition to the halo shape, we also consider a Milky Way which is static and one which can respond to the LMC's infall. This is important since if the LMC is massive enough, it will induce a substantial reflex motion in the Milky Way (Weinberg 1989; Gómez et al. 2015) . In order to account for this shift in the center of mass, we treat the Milky Way as a movable particle that sources a potential. We give the results of these six fits in Table 2 . In general we find that the fits in a reflexive Milky Way halo are best for each choice of the halo shape and consequently, throughout the rest of this work, we only show the results for the case where the two galaxies are allowed to move freely.
The best-fit stream tracks for the three halo shapes obtained in the presence of the LMC as well as one stream model with the LMC excluded are shown in In both these cases, the Milky Way halo is represented by a particle which can respond to the LMC. For comparison, a best-fit in an oblate halo without the LMC is included. While this can roughly match most of the observables, it fails to reproduce the stream track on the sky. Table 2 . Posteriors on our Milky Way and LMC properties. We give the posteriors for 6 different setups which include the LMC. For each parameter, we give the median with 1σ uncertainties. For reference, the ∆ log L for our best fit without the LMC shown in Fig. 3 is -457. We do not give any parameters for fits without the LMC since these fits are so poor that the result is not meaningful. The first 3 columns show the results of fits with a spherical, oblate, and prolate halo with a fixed Milky Way which cannot respond to the LMC. The next 3 columns show fits with reflexive models where the Milky Way can move in response to the LMC. These models are denoted as rMW. The best likelihood for the reflexive, prolate halo. Interestingly, the fits with reflexive haloes require a higher LMC mass of ∼ 1.4 × 10 11 M . For reference, the LMC's orbital plane corresponds to (l NFW , b NFW ) = (−4.5 • , 5.4 • ), the orientation of the best-fit halo in Law & Majewski (2010) corresponds to (l NFW , b NFW ) = (7 • , 0 • ), and the current orientation of the LMC corresponds to (l NFW , b NFW ) = (89.1 • , 33.3 • ). Curiously, these directions are close to the best-fit halo orientations. Fig. 1 ). The bottom panel shows the closest approach distance to the LMC versus angle along the stream. The left-most portion of the stream has a much more intimate interaction with the LMC which explains why the proper motion offset is largest there. Thus, the misalignment in the OS can be naturally explained by including the LMC.
overall properties of the OS across the entire sky. Some minor discrepancies still exists, mainly in the behavior of the stream on the sky (top panel). It is also clear that a spherical Milky Way provides a poor match to the OS data, especially the oscillation in the stream track around φ 1 ∼ 100 • . Allowing the halo to be axisymmetric (either prolate or oblate) brings the model into a better agreement with the data. For reference we also show the best-fit OS model in the Milky Way without the LMC (dotted orange line). This fit was carried out using a setup identical to that described in Section 3 except that we place the progenitor at φ 1 = 6.34 • and fit the entire data range. While the MW-only model does a reasonable job for some of the observables for a range of φ 1 , it fails miserably in predicting the positions of the OS debris on the sky.
In Figure 4 , we present the stream particles in the best-fit stream model in a prolate Milky Way potential. The left panel shows the stream observables, which are all a close match to the sample of RR Lyrae stars from Gaia DR2. The top right panel compares the ratio of the reflex corrected proper motions and the stream track, mimicking the presentation in Figure 1 . We see that the bestfit model has the same misalignment as the observed stream. The bottom right panel gives the closest approach distance to the LMC for each particle in the stream (note the logarithmic scale of the y-axis). We see that the trend is nearly monotonic with stream particles with smaller φ 1 experiencing a closer approach and therefore a stronger interaction with the LMC than those with larger φ 1 . This explains why the largest misalignments are seen for φ 1 < 0 • since this is where the effect of the LMC is the strongest. These closest approaches are not simultaneous but happen over a range of times from 350 Myr ago (φ 1 ∼ −90 • ) to 100 Myr ago (φ 1 ∼ 0 • ). Thus, we see that the perturbation from the LMC can naturally explain the misalignment seen in the OS. icant residuals showing that the best-fit model is a good representation of the data. However, there is a small residual in ∆µ δ between 50 • < φ 1 < 75 • . Interestingly, this lines up with an underdensity seen in RR Lyrae (see Fig. 15 in .
As an alternative way to visualize the effect of the LMC, we show the 3D projections of the OS data (black filled circles), our best-fit OS model (blue points), the corresponding progenitor's orbit (dashed blue line) and the LMC's orbit (dotted green line) in Figure 6 . The present day position of the LMC is marked with large filled green circle. The three panels show the projections in Galactocentric Cartesian coordinates. As the Figure demonstrates , the model stream lines up with the progenitor's orbit in the Galactic North. However, in the South, the OS appears to be pulled away from its orbit towards the orbit of the LMC. Of course, these projections only show the present day location of the stream. A movie showing the disruption of the OS in a static, spherical Milky Way halo in the presence of the LMC can be found at https://youtu.be/sBKpwQR7JJQ. Figure 7 show the posterior distributions of the Milky Way and LMC parameters for our best-fit halo, namely a reflexive, prolate Milky Way halo. The distributions of individual parameter values look single-peaked and well-behaved. There is also a familiar degeneracy between the scale-radius and the DM halo mass of the Milky Way. This is likely because the OS is in the outskirts of the Milky Way and thus it is not sensitive to the inner profile of the halo. The fits favor a Milky Way mass of 9.4 × 10 11 M although the posteriors are quite broad at the 2σ level. Most interestingly, we get a tight constraint on the LMC mass of 1.38 +0.24 −0.27 × 10 11 M . Thus, for the first time we have a robust measurement of the LMC mass from its effect on a Milky Way stream.
The posteriors of all of our fits are given in Table 2 . Curiously, in the case of flattened haloes, the fits prefer a significantly aspherical halo: in the prolate case, a flattening of q NFW ∼ 1.20 is inferred, while in the oblate case, the model converges to q NFW ∼ 0.87. In addition, the fits also prefer a particular orientation. In the prolate case, the halo is stretched towards roughly the present-day location of the LMC. In the oblate case, the flattened axis of the halo is within ∼ 20 • of the orbital plane of the LMC. Interestingly, the orientation in the oblate case is consistent with the results Law & Majewski (2010) who fit the Sagittarius stream and found an almost axisymmetric, oblate halo flattened close to the LMC's orbital plane. We will discuss the significance of these results more in Section 5.
We find that the orbit of the Orphan stream progenitor changes significantly before and after the LMC's infall, and that it depends on how we treat the Milky Way halo. For example, in the case of a fixed, prolate halo, the orbit has a pericenter of ∼ 23 kpc and an apocenter of ∼ 79 kpc before the LMC's infall. Just after infall, this pericenter is reduced to ∼ 16 kpc. In a prolate halo with a reflexive Milky Way, the pericenter and apocenter before the LMC's infall are ∼ 23 kpc and ∼ 71 kpc respectively while the post-infall pericenter is ∼ 16 kpc. In contrast, for a spherical, reflexive halo, the pre-infall pericenter and apocenter are ∼ 28 kpc and ∼ 59 kpc respectively, while the post-infall pericenter is again ∼ 16 kpc. Thus we see that Orphan was on a significantly different orbit than the one we would infer without the LMC.
Finally, we compare our constraint on the Milky Way mass profile with existing results in Figure 8 . Despite the broad posteriors in Figure 7 , the constraint on the Milky Way mass as a function of radius is remarkably tight. Our results also agree with existing results in the literature, although with a tendency to prefer lower values of the total mass. Note that when computing the mass enclosed in Figure 8 , we have ignored the flattening of the halo. For reference, we also give the mass enclosed within 50 kpc in Table 2 . As expected from Figure 8 , this mass is remarkably well constrained. This is due to the wealth of RR Lyrae uncovered by and the precise multi-dimensional data from Gaia DR2. 
DISCUSSION

Limitations of this analysis
In this work we have shown that the observed phase-space properties of the OS can be well-modelled if we include the effect of the LMC. We have attempted to fit Orphan without the LMC and the result is rather spectacularly poor (see Fig. 3 ) due to the misalignment of the stream with its proper motions. While we only considered one form for the potential, we argue that in general, this offset cannot be reproduced in a static potential. In this context, we note that (Sanders & Binney 2013 ) studied streams in action-angle space and showed that there is a misalignment between streams and orbits in action-angle space. However, they found that in their chosen Milky Way potential, the OS should have the smallest misalignment. We can also compare the size of the velocity component perpendicular to the stream (∼ 60 km/s from to the expected velocity dispersion of the progenitor at its tidal radius. Assuming a progenitor mass of 10 7 M and a pericenter of 15 kpc, this would correspond to a tidal radius of 493 pc and thus a velocity dispersion of ∼ 5 km/s in MWPotential2014 from Bovy (2015) . Since this is significantly smaller than the measured velocity offset, we do not think it is possible to produce such an offset in any static potential. Note that our assumed progenitor mass is based on the total stellar mass in the OS estimated in . Although the OS progenitor was much more massive than this originally, by the time the stellar stream formed, almost all of the dark matter would have already been stripped.
In the analysis in Sections 3, 4 we have fit the RR Lyrae sample from . However, also measured the track using Red Giant Branch (RGB) stars from Gaia DR2 and RGB/Main Sequence Turn-Off stars in DECaLS. We show these tracks with our best-fit streams in Figure 9 . Interestingly, we see that in the regions where the tracks and RR Lyrae positions appear to slightly disagree (φ 1 ∼ 100 • ), our best-fit models appear to follow the tracks in these other tracers. Since both the prolate and oblate haloes are a better fit to the RR Lyrae in this range, this could suggest that fits to the stream tracks (instead of the individual RR Lyrae positions) might prefer a more spherical halo.
Interpretation of the LMC mass
In this work we have shown that including an LMC with a substantial mass is essential for understanding the behavior of the OS. The models used in this work have all treated the LMC mass as being fixed in time. In reality, as the LMC falls onto the Milky Way, the dark matter in its outskirts will be tidally stripped, changing the mass profile and shape of the LMC. Note that this stripped material will still exert a force on the MW and the OS so accounting for the stripping is not as simple as just removing the mass. Accordingly, we surmise that this work constrains an effective mass for the LMC which captures its effect on the OS. Since the LMC is believed to be on its first approach (e.g. Besla et al. 2007; Kallivayalil et al. 2013) , this mass should not be too different from the peak mass of the LMC although future work is needed to better understand their relation.
Interpretation of Milky Way halo shape
The best-fit models to the OS in Section 4 require that the Milky Way halo must be substantially aspherical. We considered axisymmetric haloes with a flattening in an arbitrary direction. For prolate haloes, we found a halo with an elongation that is roughly aligned with the present day position of the LMC. For oblate haloes, we found a halo with a flattening roughly aligned with the orbital plane of the LMC. The oblate halo shape is especially interesting given its similarity with Law & Majewski (2010) who studied the Sagittarius stream and found a very similar orientation. Thus, the only two streams that probe the outskirts of the Milky Way both point to a similarly flattened halo in the outskirts. If this is the case, it would have important implications for the plane of satellites since this plane can be long-lived if it is aligned with the short or long axis of the halo (Bowden, Evans & Belokurov 2013) . We note that although Law & Majewski (2010) considered triaxial haloes, they forced the halo to have one flattening in the Galactic z direction so we cannot directly compare their result with our prolate halo.
In order to better understand the effect of the LMC on the Milky Way halo, we show projections of an N-body simulation of the LMC accreting onto the Milky Way in Figure 10 . These simulations are taken from Laporte et al. (2018) who simulate a 2.5 × 10 11 M LMC on its first infall onto the Milky Way. The LMC in this model ends up within 2σ of its observed phase-space position. The top (bottom) panels show the XY (YZ) projection of a 20 kpc slab centered on Z=0 (X=0) from the snapshot which matches the LMC at the present day. Interestingly, the Milky Way appears to be mostly spherical (left panels) while the LMC has been significantly tidally disrupted by the Milky Way (middle panel). The orbit of the LMC and the RR Lyrae from are also shown for reference.
While we have shown that the OS requires a substantially aspherical halo shape for the Milky Way, we must be careful in interpreting the meaning of this. One possibility is that this reflects the long term shape of the Milky Way halo. Indeed, simulations of Milky Way-like galaxies have shown that haloes can have axis ratios of 0.6-0.8 in density even when baryonic processes are included (e.g. Zhu et al. 2016) . Such a flattening is consistent with our oblate haloes which have a flattening of q ∼ 0.9 in the potential. However, in this case, the Milky Way disk would need to be aligned with the short or long axis of the halo to be stable (Debattista et al. 2013 ). This would be an issue for our prolate halo solution which is substantially misaligned with the disk. However, since Orphan is only probing the halo beyond ∼ 10 kpc, the halo could have a different shape in the inner regions and the shape we find here in the outskirts. Thus, the disk could still be made stable in this scenario.
A second possibility is that the shape we find here reflects the response of Milky Way's halo to the infall of the LMC (Weinberg 1989) . This effect was investigated in Vesperini & Weinberg (2000) who showed that the infall of satellites can induce substantial density features in the host halo. Similarly, Gómez et al. (2016) investigated accretion events in cosmological zoom-in simulations and found that the density of the host halo can be substantially perturbed which would lead to torques on structures within the host halo larger than those expected from the perturber itself. Despite the high relative velocity of the LMC, the same mechanism is still able to operate on the the MW, notably warping the disk (Laporte et al. 2018 ). This interpretation is further supported by the fact that the halo shapes we infer are aligned with either the present day position of the LMC (prolate halo) or with the orbital plane of the LMC (oblate halo). However, as we can see from Figure 10 , this is not expected to generate an extremely flattened Milky Way.
Finally, it is possible that the halo shape we infer is not due to the Milky Way but is rather capturing an effect from the LMC which is not correctly modelled by treating the LMC as a nondeforming Hernquist sphere. As with the previous explanation, this is supported by the fact that the halo shapes are related to either the LMC's present day position or orbital plane. One effect we are neglecting is the tidal disruption of the LMC by the Milky Way which will dramatically stretch the dark matter distribution in the outskirts of the LMC (e.g. middle panels of Fig. 10 ). We are also ignoring the SMC which could have an additional affect on Orphan. However, as we argued above, since the SMC has already been substantially disrupted by the LMC, its present-day mass should be quite small.
The impact of the LMC on other structures in the Milky Way
For the first time, we have measured the significant impact of the LMC on a structure in the Milky Way. The LMC has three main effects on structures orbiting our Galaxy. First, structures which pass near the LMC will feel a large force which will directly change their dynamics. Second, the LMC will induce a reflex motion in the Milky Way itself (Gómez et al. 2015) which can affect structures in our Galaxy. Third, the LMC can deform the Milky Way halo, resulting in additional tidal forces (e.g. Weinberg 1998; Weinberg & Blitz 2006 ). These effects have wide ranging implications for any technique which attempts to precisely measure the properties of the Milky Way by studying tracers orbiting our Galaxy, e.g. equilibrium modeling of GCs (e.g. Watkins, Evans & An 2010; Vasiliev 2018) , the stellar halo (Xue et al. 2008; Deason et al. 2012) , or hypervelocity stars (Gnedin et al. 2005) . All of these techniques should be revisited in light of the increased LMC mass to understand how the results may be biased by ignoring the presence of our largest -and most massive -satellite.
Along these lines, Laporte et al. (2018) have studied the effect of the LMC on its first infall (Besla et al. 2007 ) on the Milky Way's disk using live high-resolution N-body simulations. They found that the response of the halo can result in strong overdensities of up to 50% within ∼ 40kpc penetrating into the inner regions of the Galaxy, resulting in torques warping the disk with similar shape and line of nodes as the observed HI warp (Levine, Blitz & Heiles 2006) , in agreement with earlier expectations from linear perturbation theory (e.g. Weinberg 1998; Weinberg & Blitz 2006) . The im-pact of the MW's dark matter halo response to the LMC on tracer kinematics in the halo are explored further in (Garavito-Camargo et al, in prep.) .
Given the large effect seen in this work, we expect that many other streams will exhibit similar effects from the LMC. The streams in the Southern Galactic hemisphere are natural candidates since they have had closer passages with the LMC. Tucana III is an especially good candidate given its close passage with the LMC Simon 2018; Fritz et al. 2018) , as are the 11 streams recently discovered in the Dark Energy Survey (Shipp et al. 2018 ). Since these streams will each have a different closest approach to the LMC, they can be used to measure the LMC's radial density profile and shape. Such modelling would not be simple as it would need to account for the time-dependent LMC shape due to its disruption by the Milky Way.
The substantial LMC mass found in this work suggests that the LMC has brought a large number of satellite galaxies into the Milky Way (Sales et al. 2011) . Indeed, the LMC group infall was proposed by Jethwa, Erkal & Belokurov (2016) to explain the abundance of satellites found in the Dark Energy Survey. Recently, Kallivayalil et al. (2018) confirmed this prediction and found 4 ultra-faint dwarfs which were likely accreted with the LMC, in addition to the SMC which was previously argued to have fallen in with the LMC (e.g. Kallivayalil et al. 2013) . Given that Jethwa, Erkal & Belokurov (2016) predicted the LMC could have brought up to ∼ 70 satellites, we expect that many more satellites will be found in the coming years. The phase-space positions of this large number of satellites will provide another avenue for measuring the LMC mass.
Finally, we can use the results of this work in order to assess the importance of the reflex motion of the Milky Way. In Figure 11 we compare the expected reflex motion over the past 2 Gyr with the orbital timescales in the Milky Way. The blue lines show the reflex motion of the Milky Way in 100 samples of the MCMC chains used to fit Orphan in a prolate Milky Way halo. These should be compared with the dashed-black curve which shows the orbital period versus radius for circular orbits in the Milky Way in MWPotential2014 from Bovy (2015) . Stars for which the orbital timescale is much smaller than the timescale over which the Milky Way moves by a distance equal to the orbital radius (i.e. those to the left of the blue curves) will respond adiabatically to the LMC's passage and will move with the reflex velocity of the Milky Way. However, stars on orbits for which the orbital timescale is longer than the timescale over which the Milky Way moves by their orbital radius (i.e. those to the right of the blue curves) will continue on their original orbits and should consequently have a velocity relative to the Milky Way itself. We thus expect that there is a region within the Milky Way (r <∼ 30 kpc) which will respond adiabatically during the LMC's infall. However, beyond this radius, the stars will not have had time to adjust to the Milky Way's velocity after the LMC's infall and should have a velocity (∼ 40 km/s) relative to interior part of the Milky Way. Since the majority of the Milky Way's reflex motion is downwards, we predict that the outer regions of the Milky Way should have an upwards velocity relative to the inner regions. This effect should be visible in the outskirts of the Galactic stellar halo.
CONCLUSIONS
Motivated by the new observational constraints recently presented by the rapid and accurate model stream production implemented using the mLCS technique (Gibbons, Belokurov & Evans 2014 ) and considers a wide range of Galactic Dark Matter halo configurations. Taking advantage of the efficiency and the flexibility of our stream models, we are also able to include the presence of the Large Magellanic Cloud as well as the reflex motion of the Milky Way in response to the dwarf's infall. For the first time, we have unveiled an unambiguous perturbation exerted by the Large Magellanic Cloud on a stellar stream within the Milky Way. In our reconstruction of the encounter, as the LMC was falling into the Galaxy, it passed near the Orphan stream and pulled the stream off its original path. The resulting deflection is so large that it can be seen in the data itself as a misalignment of the Orphan stream track and the direction of its proper motions (see Fig. 1 ). Detecting this effect was only possible with the exquisite data quality in Gaia DR2 which offers an all-sky view of the RR Lyrae across the entire Milky Way, including their proper motions.
Without the presence of the LMC, it is only possible to reproduce the phase-space track of the stream in the North, i.e. for φ 1 > 50 • . The Southern Galactic portion of such a model is an extremely poor fit to the data (see Fig. 2 ). However, taking the same model and including an LMC with a modest mass results in a significant deflection of the Southern portion of the stream. Furthermore, if the LMC mass is increased to ∼ 10 11 M , this deflec-tion grows and the resulting stream is a good match to the Orphan data over the entire range of along-stream coordinate φ 1 . Interestingly, this exercise shows that while the LMC's main effect is on the Southern portion of Orphan, there is also a noticeable deflection of the Northern OS debris suggesting that the LMC's influence will be felt across the Galaxy.
In order to measure the LMC mass, we fit the entire range of the Orphan stream including the LMC mass as a parameter in our fits. These fits are performed with an axisymmetric Milky Way halo which can be flattened in any direction. The fits require LMC masses between 1 − 1.5 × 10 11 M depending both on whether we have a spherical, oblate, or prolate halo and on whether we allow the Milky Way halo to respond to the LMC's infall. Curiously, the fits in an oblate and prolate halo prefer halo shapes which appear to be aligned with either the LMC's orbital plane or the LMC's present day location respectively. In these cases, we suspect that the Milky Way halo may be compensating for some aspect of the LMC's effect which we have not correctly modelled, e.g. the tidal disruption of the LMC by the Milky Way. This may suggest that the LMC is more massive than our results imply, although we note that fits in a spherical halo can also match the Orphan stream.
The implications of our measurement of the LMC mass are far reaching. Any technique which has assumed that the Milky Way is in equilibrium should be revisited to determine how the LMC The dashed-black line shows the orbital period versus radius for circular orbits in the Milky Way. Stars on orbits to the left of the blue lines can respond adiabatically to the LMC's infall and thus should move with the Milky Way's reflex velocity. However, stars on orbits to the right of the blue curves will not have time to respond to the Milky Way's motion and will remain on their original orbits.
will bias its results. As one concrete example of such an effect, we predict that the outskirts of the Milky Way (r >∼ 30 kpc) will have a bulk upwards velocity (∼ 40 km/s) relative to the Sun due to the reflex response of our Galaxy. If the results of this work are correct, future efforts with Gaia DR2 should reveal a significantly perturbed Milky Way. We note that in the final stages of preparing this manuscript, Fardal et al. (2018) released their analysis of the Orphan stream. Their work focused on the Northern portion of the Orphan stream and showed that there was a misalignment between the stream track and its velocity vector.
